Glucose entry, as measured by 5-min uptake into the acid-soluble fraction, is enhanced 15-30 times by long-term (12-24 hr) hexose starvation of chick fibroblasts. The rate of galactose accumulation in the cells increases only 5 times under the same conditions of starvation. Several carbon and energy sources that were tested for their effect on this "derepression" can be classified as: (i) those resembling glucose in blocking the "stimulation," (ii) those permitting full "derepresssion"; and (iii) those partially preventing the enhanced entry. Inhibitors of protein synthesis block enhancement under conditions otherwise conducive to it. We conclude that the glucose and galactose carrier systems are not identical, based largely on the asymmetric "repression" observed when glucose and galactose are compared as "repressors."
The mechanism of glucose entry into vertebrate cells has received considerable attention (1) (2) (3) (4) (5) . It is now generally agreed that glucose is transported into cells (2-4) by carriermediated facilitated diffusion unlinked to energy-generating processes. Illiano and Cuatrecasas (4), using membrane preparations from fat cells, were able to stimulate entry by exposure of the membranes to insulin in a system uncomplicated by the problems of metabolism of the transported glucose.
In studies to determine whether D-glucose entry into chick fibroblasts was subject to modification by insulin (unpublished data), a marked enhancement of the rate of entry of D-glucose and D-galactose into the acid-soluble pool after prolonged starvation for a carbon and energy source was observed. Indeed, glucose starvation also rendered the cells responsive to insulin, whereas "fed" cells were unresponsive.
The experiments reported in this paper deal exclusively with evidence for asymmetric "derepression" of transport activity in chick fibroblasts dependent upon starvation of the cells. The results lead to the tentative proposal that glucose and galactose entry are not totally dependent on a common carrier.
MATERIALS AND METHODS
Cell Cultures. Chick embryo monolayer cultures were prepared by trypsinization of whole 10-to 12-day embryos (6) . Culture vessels were inoculated to obtain initial cell densities of 104 to 5 X 104 cells per cm2. After 48-72 hr the monolayers were washed with Hanks' balanced salt solution (7) and incubated in Eagle's basal medium (8) supplemented with 3% calf serum or unsupplemented as indicated for each experiment.
Glucose or Galactose Entry into Cells. Trichloroacetic acidsoluble D-glucose, 2-deoxy-D-glucose, or D-galactose contained in monolayer cells was determined after exposure to radioactive (14C or 3H) sugars for 5, 10, or 20 min. The following procedure was generally used: (1) Experiments were conducted at 370; all reagents were equilibrated to that temperature at the start of the experiment. The incubation medium was decanted from the monolayers to be used, and the last drops were removed with a Pasteur pipette. (2f) The monolayers were washed twice with 15 ml of balanced salt solution (without glucose).
(3) Radioactive hexoses were supplemented with unlabeled hexose to achieve the concentrations desired. The labeled hexose was introduced in 1.0 ml of balanced salt solution.
(4) The monolayers (three vessels per time interval) were incubated on a reciprocal shaker (80 oscillations per min) at 370 for 0, 5, 10, or 20 min. The "0" time background was subtracted from the timed values. (5) To stop the reaction, the cells were quickly rinsed twice with 25 ml cold basic salt solution without glucose and drained. (6) 1.5 ml of cold 5% trichloroacetic acid was added to each vessel. The vessel was permitted to remain cell-surface down for 3-5 hr. at 40.
(7) The cells were harvested, and the soluble and insoluble fractions were separated by centrifugation. (8) The acid-soluble fraction was neutralized by addition of NaOH, and duplicate or triplicate samples (0.5-1.0 ml each) were counted in a liquid scintillation counter [15 ml of Bray's scintillation fluid (11) ]. (9) The protein content of each cell population was measured from the acid-insoluble fraction by the Lowry et al., procedure (12). Acid-Insoluble Counts. The acid-insoluble fraction (step 7) was suspended in 1.0 ml of 0.1 N NH40H, and 0.5 ml was used for counting in Glucose Determinations were made by the glucose oxidase method of the glucostat (13) . Standards of 10, 50, and 100 ,ug were dissolved in balanced salt solution lacking glucose.
Samples were diluted so as to fall in the range of 3-60,g. Computations of Quantities of Hexose in the acid-soluble pools were based on scintillation counting efficiency of 25% for 8H-labeled hexoses and 55% for "IC-labeled sugars.
RESULTS
Glucose Permeation: Effect of Prior Sugar Starvation. Chickembryo fibroblasts grown as monolayers incorporate D-glucose into the acid-soluble pool linearly with time for at least 10 min (Fig. 1) For the determination of optimum conditions for starvation and the kinetics of the phenotypic change produced by starvation, dialyzed and undialyzed serum were provided during deprivation, and the relative rates of glucose entry were determined by a 5-min accumulation into the acidsoluble pool (Table 1) . Measurement of incorporation of labeled glucose into the acid-insoluble fraction revealed that not more than 1% of the total counts were contained in that fraction (Table 1) . Undialyzed calf serum in the starvation medium resulted in more modest stimulation of entry, probably due to a low amount of glucose or other hexoses in the serum. Dialyzed calf serum added to the starvation medium, on the other hand, generally resulted in even more active uptake after glucose starvation.
As might be expected, the initial concentration of glucose in the starvation medium had a predictable influence on the subsequent behavior of the cells, the rate of glucose uptake by cells after a uniform period of pretreatment being inversely related to the initial glucose concentration (Table 2) . 2-Deoxy- Cells grown for 72 hr in Eagle's basal medium (BME) supplemented with 3% calf serum were washed and provided with new BME, some with and others without glucose or 2-deoxy-D-glucose. After Hexose Entry into Chick Fibroblasts 3409 D-glucose was as effective as D-glucose when used in the "starvation" medium.
Cells transferred from glucose-containing to glucose-free medium became progressively more active in glucose uptake with time of starvation (Fig. 2) . Though the extent of stimulation in the early hours was not uniform from one experiment to another, there was always an effective stimulation after 24 hr of starvation. The initial values are somewhat higher than those observed in earlier experiments (Table 1) comparing fed cells with starved cells. This is probably attributable to the low amount of glucose in the medium after 3 or 4 days without change of medium. In the earlier experiments fresh glucose (1.0 mg/ml) was provided the fed cells at the start of the pretreatment period. In all cases, the effects of starvation became progressively more evident between the 24th and 48th hr.
Effect of Glucose Concentration Upon Rate of Entry. Although the value of attempting to determine the Km for glucose entry into the acid-soluble pool is uncertain, the effect of glucose concentration was determined as an indicator of concentrations of glucose that must be achieved for saturation. Saturation is achieved at a concentration of D-glucose above 1 mM (Table 3 ). The choice of 4 MAM glucose as the concentration for standard test of uptake assures that the assay is linear with concentration.
Disappearance of Glucose from Medium. Determination of the glucose concentration of the medium at intervals after its addition to established monolayers, reveals a relatively rapid and exponential disappearance. By 72 hr of incubation, about 10-50% of the initial glucose (1 mg/ml) remained (unpublished results), depending upon initial cell density.
2-Deoxy-D-Glucose. When permeation of the glucose analogue, 2-deoxy-D-glucose, was examined, uptake was linear for at least 10 min, as with D-glucose (unpublished data); moreover, the effects of starvation upon its uptake were similar to those observed with D-glucose as the test sugar (Table 1) . Since 2-deoxy-D-glucose is apparently not metabolized further than 2-deoxyglucose-6-PO4 (14, 15) , the kinetics of incorporation of D-glucose into the acid-soluble cell pool appear not to be unduly complicated by the rate of (2) (3) (4) (5) (6) (7) (8) (9) (10) IACi/ml) to achieve the molar concentrations indicated. Each value is the average of three monolayer cultures. The deviations are average deviations from the mean of the three determinations. Fig. 2 . 0, No cycloheximide; *, cycloheximide (10 ,ug/ml) at "0" time; 0, cycloheximide at 6 hr; A, cycloheximide at 9 hr; *, cycloheximide at 12 hr.
to account for any of the effects observed with glucosamine, lactose, or ribose. By paper chromatography, the glucose contamination of none of the three exceeded 0.5% (unpublished data).
Galactose Entry. The effect of starvation upon galactose entry was similar to that observed with glucose, showing an increased rate of accumulation in cells starved of carbon source for 24 hr (Table 5) . Again, uptake proved linear for at least 10 min (unpublished result). Starvation for a carbon source produces a maximum enhancement of only 5 or 6 fold for galactose entry while permitting a 15-to 25-fold increase in glucose entry.
Nonreciprocal "Starvation": Comparison of Glucose and
Galactose. Glucose and galactose, when supplied through a range of concentrations, compete for uptake by the fibroblasts (unpublished results). Nonetheless, they fail to show reciprocity in their effects upon the accelerated entry resulting from long-term starvation. Whereas glucose at 1 mg/ml prevents enhancement of both glucose and galactose entry (Table 5 ), galactose at the same concentration permits the enhancement of glucose permeation as though the cells were starved of a carbon source.
Blockage of Enhancement by Inhibitors of Protein Synthesis. The 15-to 30-fold enhancement of glucose entry observed after prolonged starvation of carbon source is prevented by inhibitors of protein synthesis, either puromycin (100 ,ug/ml) or cycloheximide (5, 10, or 100,g/ml). Indeed, if the inhibitor of protein synthesis is added at intervals during starvation, the increase in rate of entry ceases on addition of the inhibitor (Fig. 3) . The altered permeation of galactose observed on prolonged starvation is also blocked by cycloheximide (unpublished results).
DISCUSSION
Transport of glucose, at least in adipose tissues, occurs by a carrier-mediated facilitated diffusion mechanism (4). The translocation occurs through a bidirectional system that has similar properties in both directions. The transport of glucose in both directions is stimulated by insulin-outside the cell membrane. The contribution of allosteric transitions and of covalent modifications, such as phosphorylation of carrier proteins, must have a place in current speculation about this problem. Galactose permeation in mammalian intestines is considered to be mediated by the glucose transport system since competition can be demonstrated between the two (9, 19) . A single carrier is postulated (19) , and transport is active, i.e., intestinal sacs accumulate sugars against a concentration gradient (8, 10, 19) .
The striking increase in the rate of glucose entry that we observe after prolonged starvation for a carbon and energy source requires protein synthesis and is prevented by either puromycin or cycloheximide. This result suggests that the increased activity is due mainly to synthesis of elements of the permeation system. Sefton and Rubin (20) have described a similar increase in glucose transport in density-inhibited cells on treatment with trypsin and serum. The enhancement they observe also requires protein synthesis. The "derepression" reported here has been effected for the most part in nonconfluent cultures. Similar "derepression" has been obtained with dense cultures (unpublished results), which in our hands also show the reduction in rate of glucose entry reported by Sefton and Rubin (20) . The mechanism by which glucose and metabolically related hexoses block the "derepression" is unknown. That 2-deoxyglucose is as effective as glucose suggests that the phosphorylated product of hexokinase action could also be involved in the "repression." It is important to note that after starvation for an energy source for as long as 72 hr, cells remain attached to the surface and will multiply normally when supplied with glucose and serum (unpublished results).
Presumptive evidence for a different carrier system for D-glucose and D-galactose is presented. It consists primarily of the different degrees of increase of entry after starvation for a carbon source, that for glucose being from 15-30 times while that for galactose rarely was greater than 5 times. The fact that hexokinase activity (unpublished results) did not vary significantly in cells subjected to various conditions of starvation tends to rule out "derepression" as a reflection of the specific activity of hexokinase. This interpretation is supported by the nonreciprocal effect of glucose and galactose on "repression" of permeation activity for the two sugars. Glucose blocks the "derepression" of both its own and galactose uptake, while galactose, as effective as glucose blocking increased galactose entry, permits full "derepression" of glucose entry machinery.
Recent evidence has revealed that galactose and glucose entry into virus-transformed mammalian cells is enhanced compared to controls (17, 18 
